A method for the detection of Salmonella based on fluorescence in situ hybridization (FISH) has been developed and applied for the direct detection of Salmonella in pure cultures and in formalin-fixed, paraffinembedded tissue sections. On the basis of the 23S rRNA gene sequences representing all of the S. enterica subspecies and S. bongori, an 18-mer oligonucleotide probe was selected. The specificity of the probe was tested by in situ hybridization to bacterial cell smears of pure cultures. Forty-nine of 55 tested Salmonella serovars belonging to subspecies I, II, IIIb, IV, and VI hybridized with the probe. The probe did not hybridize to serovars from subspecies IIIa (S. arizonae) or to S. bongori. No cross-reaction to 64 other strains of the family Enterobacteriaceae or 18 other bacterial strains outside this family was observed. The probe was tested with sections of formalin-fixed, paraffin-embedded tissue from experimentally infected mice or from animals with a history of clinical salmonellosis. In these tissue sections the probe hybridized specifically to Salmonella serovars, allowing for the detection of single bacterial cells. The development of a fluorescence-labelled specific oligonucleotide probe makes the FISH technique a promising tool for the rapid identification of S. enterica in bacterial smears, as well as for the detection of S. enterica in histological tissue sections.
Different serovars of Salmonella have long been recognized as major causes of infections in humans and animals, causing a variety of clinical manifestations ranging from mild gastroenteritis to severe sepsis (13) . Clinical infection is often followed by a subclinical carrier state, in which the convalescing individual may continue to shed salmonellae in feces for a longer period (11) .
The genus Salmonella can be divided into seven homology groups by DNA-DNA hybridization studies (12, 19) ; however, the genus is a large group with respect to antigenicity, consisting of more than 2,300 described serovars (25) . As DNA homology group V diverges from the others, it has been proposed as a new species, Salmonella bongori (28) . The remaining subspecies, subspecies I, II, IIIa, IIIb, IV, and VI, belong to the species Salmonella enterica. Subspecies I is the largest group, with about 59% of the described Salmonella serovars (25) , including all the clinically most relevant serovars (18) .
The interactions of single bacterial strains in complex ecological systems have been studied by fluorescence in situ hybridization (FISH) techniques. By hybridizing with fluorescence-labelled oligonucleotide probes specifically targeting ribosomes in Escherichia coli or Salmonella typhimurium, the spatial distribution of bacteria in the intestinal flora of streptomycin-treated mice has been established (20, 27) . However, to be able to detect a broad range of clinically relevant Salmonella serovars by the FISH technique under natural conditions, a genus-specific RNA-targeted probe is necessary. Such a probe has so far not been available.
The ribosomal genes are universally distributed and contain highly conserved regions as well as variable regions, toward which oligonucleotide probes with various specificities can be developed (26, 32) . In growing bacteria the gene is transcribed into a high number of ribosomes, and following fixation these can be used as targets for hybridization with short oligonucleotide probes (16) . By end labelling such probes with fluorescent molecules, single bacterial cells can be identified by epifluorescence microscopy (14) .
The purpose of this study was to generate a specific oligonucleotide probe targeting the different serovars of S. enterica by sequencing and aligning 23S rRNA gene sequences and to evaluate the applicability of the probe for FISH identification of Salmonella in bacterial smears and detection in formalin-fixed, paraffin-embedded specimens from animals with clinical Salmonella infections.
MATERIALS AND METHODS
Bacterial strains and culture methods. The strains used to test the specificity of the oligonucleotide probe are listed in Tables 2 and 3 . Salmonella strains were either type strains or clinical isolates identified by serotyping at the Danish Veterinary Laboratory (DVL). Other representatives of the family Enterobacteriaceae were type strains or clinical isolates identified by using the API 20E system (bioMérieux, Marcy, France). Gram-positive test strains were all type strains. The bacteria used to test probe specificity and for sequencing were all cultured overnight at 37°C on blood agar (BA; CM331 [Oxoid] supplemented with 5% bovine blood). The strains used to inoculate the experimentally infected mice were grown in nutrient broth (CM1 [Difco]) at 37°C overnight. Samples from lung and liver were plated on BA and Drigalski agar (17) , and the plates were incubated overnight at 37°C.
Fixation of bacteria for smear hybridization. A single colony from an overnight culture was picked and resuspended in 800 l of 10% buffered formalin, and the mixture was incubated for 1 h at room temperature. The bacteria were pelleted by centrifugation at 5,000 ϫ g for 5 min, washed in 500 l of 0.1% Nonidet P-40 (Sigma Chemical, St. Louis, Mo.), and resuspended in a 1:1 mixture of a storage buffer (40 mM Tris-HCl [pH 7.5], 0.2% Nonidet P-40) and 96% ethanol. The fixed bacteria were stored at Ϫ20°C until use.
Sequencing of rRNA genes of the bacteria. S. typhimurium DVL 3389-1, Proteus mirabilis SN157, and Citrobacter amalonaticus UX31 were used for partial sequencing of the 23S rRNA gene. For each isolate a single colony was picked and the bacteria were washed in 1 ml of phosphate-buffered saline (140 mM NaCl, 22.5 mM phosphate buffer [pH 7.2]) and pelleted at 5,000 ϫ g for 5 min. The bacteria were resuspended in 100 l of TE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA), lysed by boiling for 10 min, and immediately cooled on ice. The lysates were diluted 1:100 in double-distilled H 2 O (ddH 2 O), and 2 l of this solution was added to 50 l of a PCR mixture consisting of 50 mM KCl, 2.5 mM MgCl 2 , 10 pmol of each primer, 100 M (each) dATP, dCTP, dGTP, and dTTP, and 0.5 U of polymerase (Amplitaq; Perkin-Elmer) in 10 mM Tris-HCl (pH 8.3). Primers with homology to E. coli were used for PCR amplification of a segment in the 23S rRNA gene; the forward primer, 5Ј-TCAGAAGTGCGAATGC-3Ј, was located at position 1243 (E. coli numbering), and the reverse primer, 5Ј-AACTTACCCGACAAGG-3Ј, was located at position 1941 (9) . Amplification was carried out on a thermocycler, with initial denaturation at 94°C for 2 min and subsequent amplification for 34 cycles, with each cycle consisting of annealing at 45°C for 1 min, extension at 72°C for 2 min, and denaturation at 94°C for 2 min. The 698-base PCR product was purified by using QIAquick spin columns (QIAGEN, Hilden, Germany), according to the manufacturer's instructions, and was verified by gel electrophoresis and ethidium bromide staining.
The nucleotide sequence of the PCR product was determined by cycle sequencing (31) with an Amplitaq FS dye terminator kit and a 373A automatic DNA sequencer (Applied Biosystems/Perkin-Elmer, Foster City, Calif.) by using the same primers used for the PCR amplification. The segments were sequenced twice in both directions.
Selection of probe sequence. The sequences obtained were aligned with the published E. coli 23S rrnB sequence (7), together with sequences from Salmonella serovars representing all subspecies (8, 10, 37) , Yersinia enterocolitica (10) , and Citrobacter freundii (10) , by using the Sequence Navigator software (Applied Biosystems). An 18-mer oligonucleotide probe sequence complementary to the region from positions 1713 to 1730 (E. coli numbering) was selected as being specific for Salmonella subspecies I, IIIb, and VI. The theoretical specificity was checked by using the CHECK_PROBE program in the RDP Database (24) and in the EMBL database by using the Fasta search tool.
Oligonucleotide probes. A Salmonella oligonucleotide probe (Sal3; 5Ј-AATC ACTTCACCTACGTG-3Ј) the universal bacterial probe (Eub338; 5Ј-GCTGCC TCCCGTAGGAGT-3Ј) (3), and a nonsense probe with a sequence complementary to Eub338 (Non338; 5Ј-CGACGGAGGGCATCCTCA-3Ј) (35) were used. The probes were all synthesized and labelled with fluorescein (Sal3 and Non338) or the red fluorescent dye Cy3 (Eub338) at the 5Ј end (Hobolth DNA syntese, Hillerød, Denmark). The systematic name of the salmonella probe was L-S-Sal-1713-a-A-18 (2); however, for reasons of simplicity it is designated Sal3 in this report.
Whole-cell hybridization. The specificity of Sal3 was tested by hybridization with whole bacterial cells. The universal bacterial probe Eub338 served as a positive control. Six-well Teflon-coated slides (NovaKemi, Enskede, Sweden) were coated with poly-L-lysine (Sigma Chemical) according to the manufacturer's instructions. A 1-l solution of fixed bacteria was spotted in the wells and air dried. Bacteria were dehydrated in 70 and 96% ethanol for 2 min at each concentration. After drying, 8 l of hybridization solution (0.7 M NaCl, 0.1 M Tris-HCl [pH 8.0], 0.1% sodium dodecyl sulfate, 10 mM EDTA) containing 5 ng of probe per l was added, and the slide was placed in a moisture chamber and incubated for 3 h at 45°C. Washing was performed by immersing the slide gently in ddH 2 O, and this was followed by incubation in preheated hybridization buffer at 45°C for 20 min. Finally, the slide was rinsed in ddH 2 O and air dried. The slides were mounted in a phosphate-buffered (pH 8.5) medium; the medium contained 20 mg of n-propyl gallate (Sigma Chemical) per ml to prevent fading of the fluorescence. The hybridized bacteria were visualized by epifluorescence microscopy at ϫ400 or ϫ1,000 magnification on a Leica DMRB microscope equipped with a 100-W mercury lamp and an I3 filter (Leica, Wetzlar, Germany) for excitation at 450 to 490 nm. Nonhybridized bacteria were hardly detectable and were identified by phase-contrast microscopy. Images were captured with a Sony (Tokyo, Japan) DXC-930P 3CCD video camera and a Oculus TCX frame grabber (Coreco Inc.). Pictures were processed as tagged-image file format (TIFF) files on a personal computer running Image-Pro software, version 1.3 (Media Cybernetics, Silver Springs, Md.).
Murine experimental infections and clinical material. Monoinfected murine lung and liver tissue samples were prepared by inoculation of bacteria in the lateral tail vein as described by Tegtmeier et al. (33) . S. typhimurium DVL 3389-1 and E. coli ATCC 25299 were used for the inoculations. Bacteria from 10 ml of nutrient broth were harvested and washed in normal saline (0.9% NaCl). The suspensions were adjusted to 10 9 CFU/ml by resuspending them in normal saline, and the mice received a dose of 0.5 ml. Six-week-old female Balb/c mice were inoculated with either E. coli or S. typhimurium; controls received only normal saline. After 10 min, the mice were sacrificed by cervical dislocation and their lungs and livers were aseptically removed and placed in a sterile petri dish. To verify the monoinfection with the inoculated strain, the organism was reisolated from each organ by plating on BA and Drigalski agar. A sample from each organ was fixed in 10% buffered formalin for 3 days, embedded in paraffin, cut in 3-m slides, and mounted on coated microscope slides (Superfrostϩ; Menzel-Gläser, Braunschweig, Germany).
Samples from pigs and calves with pneumonia or enterocolitis were received at the pathological laboratory at DVL for diagnostic purposes. The samples were delivered unfixed by ordinary mail and were fixed in buffered formalin upon receipt.
In situ hybridization of tissue specimens. Tissue sections from the experimentally infected mice or histological sections of clinical material were tested for Salmonella by hybridization with Sal3 and Eub338. To test for nonspecific binding the nonsense probe Non338 was used. The slides were dewaxed twice in xylol for 5 min each time and in 99% ethanol for 5 min. With a DAKO-pen (DAKO, Glostrup, Denmark) a circle was drawn around the tissue specimen, and 20 l of hybridization buffer (0.7 M NaCl, 0.1 M Tris-HCl [pH 8.0], 0.1% sodium dodecyl sulfate, 10 mM EDTA) containing 5 ng of oligonucleotide probe per l was added. For labelling of all bacteria in the clinical specimen a mixture of fluorescein-labelled Sal3 and Cy3-labelled Eub338 was added to the same hybridization buffer. The slides were placed in a humid chamber and incubated for 16 h at 45°C. Washing, mounting, and detection were performed as described above for whole-cell hybridization. Fluorescent bacteria were detected in the tissue by epifluorescense microscopy with the G/R filter combination (Leica) for the simultaneous excitation of fluorescein and Cy3 at 490 and 575 nm.
Nucleotide sequence accession numbers. The sequence data have been deposited in GenBank under accession nos. U88706 (S. typhimurium NVL3389-1), U88707 (C. amalonaticus UX31), and U88708 (Proteus mirabilis SN157).
RESULTS
rRNA gene sequencing. The middle parts of the 23S rRNA genes (E. coli positions 1243 to 1841) of S. typhimurium, C. amalonaticus, and P. mirabilis were sequenced and aligned with homologous sequences from other serotypes and species of the family Enterobacteriaceae. Two regions with high sequence variability were identified at positions 1470 to 1590 and positions 1710 to 1750, respectively. The homologous sequence from each strain showed a high degree of similarity to the sequence of the E. coli 23S rrnB gene (7), confirming the close relationship among members of the family Enterobacteriaceae. When calculating absolute similarity, including the similarities of hypervariable regions, the S. typhimurium sequence was the most closely related to the C. amalonaticus sequence, with a similarity of 98%, and to the E. coli sequence, with a similarity of 97%, while it was more divergent from the P. mirabilis sequence, with a similarity of 90%. When the S. typhimurium sequence was aligned with homologous sequences from the other Salmonella subspecies, the absolute similarity, including the similarities of hypervariable regions, were 97 to 99.5%, with the highest similarity being to the sequence of subspecies I.
It was not possible to generate a single probe with a sequence that matched those of serovars of S. enterica for this part of the 23S gene. Instead, a probe matching the sequences of Salmonella subspecies I, IIIb, and VI but with a single mismatch for Salmonella subspecies II and IV and two mismatches for Salmonella subspecies IIIa was selected. A list of the base compositions within the target area is presented in Table 1 . The target sequences were similar within each subspecies with the exception of the sequences of S. tennessee and Salmonella subspecies II (S. basel), which each diverged by one base. The sequences of nonsalmonellae all diverged by at least two mismatches.
Whole-cell hybridization. The sensitivity and specificity of the probe were tested by hybridization with fluorescence-labelled probes on smears of formalin-fixed whole cells (Fig.  1A) . All strains except Staphylococcus aureus were able to hybridize with Eub338. Sal3 was tested against 86 Salmonella isolates covering 55 serovars from subspecies I to VI. By using low-stringency hybridization and washing conditions, the probe hybridized and yielded a strong signal for 80 of 86 Salmonella isolates tested ( Table 2 ). As predicted from the alignment of the sequence in the target area (Table 1) , the probe hybridized to the sequences of the tested serovars of subspecies I, II, IIIb, IV, and VI, although the sequences of serovars of subspecies II and IV had one mismatch. No hybridization was obtained with the four strains of subspecies IIIa, one strain of subspecies V, and one strain of subspecies II (S. basel), which all had two to three mismatches (Table 1) . No cross hybridization was observed to any of 64 other representatives of the family Enterobacteriaceae tested or to 18 bacterial strains outside of the family Enterobacteriaceae which might occur in the intestinal tract of pigs and humans (Table 3) .
In situ hybridization of tissue specimens. To test the abilities of the probes to hybridize in situ in paraffin-embedded material, murine tissue experimentally infected with either S. typhimurium or E. coli was prepared. Only tissue from monoinfected organs verified by bacterial culturing was used in the test. In tissue sections from S. typhimurium-infected mice, a distinct fluorescent signal from rod-shaped bacteria could be detected when hybridization with Sal3 was performed. Bacteria could be identified as single cells in the liver sinusoids or in the vessels of the lung, as expected from the hematogenous spread of the bacteria (Fig. 1B) . The same result was achieved when hybridization with Eub338 was performed. In the tissue from E. coli-infected mice, only Eub338 hybridized to bacteria in the tissue, and no signal was obtained when hybridization with Sal3 was performed. To test for nonspecific binding of the probe, tissue sections were incubated with a nonsense probe, probe Non338, which contains the a base sequence complementary to that of Eub338 and which is unable to hybridize to ribosomes. When using this probe no signal was detected at all, confirming the specificities of the probes.
The probes were also tested with formalin-fixed histological sections from 15 pigs and calves with histories of pneumonia or enterocolitis in which S. typhimurium or S. dublin was found by traditional culture methods (data not shown). For histological sections from all animals the salmonella probe hybridized specifically, and Salmonella bacteria could be seen either as clusters of cells in the necrotic debris or as single cells scattered throughout the inflamed tissue. In a few instances single bacteria were detected intracellularly as well. In order to show the spatial localization of salmonella in relation to the indigenous microflora, the fluorescein-labelled Sal3 probe was used together with a Cy3-labelled universal probe in the same slide (Fig. 1C) . Salmonella bacteria were detected deep in the lamina propria and in the superficial debris, while the indigenous microflora were shown to be localized only superficially in the debris. The number of Salmonella bacteria detected in each section varied. In some sections only a few microcolonies were found, while in others numerous bacterial clusters were detected.
For five samples in which Salmonella had not been detected by culturing, only Eub338 hybridized to the bacteria. No unspecific binding of the probe was observed when hybridization with the nonsense probe in the clinical material was performed.
DISCUSSION
In the present study a specific oligonucleotide probe was developed for the in situ detection of S. enterica serovars in bacterial smears and in tissue sections by the FISH technique. Selection of the probe sequence was based upon alignment of a sequence segment in the 23S rRNA gene from several salmonella serotypes and other enterobacterial strains. This segment was selected because it contains two regions which have previously been shown to exhibit high degrees of sequence variability in bacteria (9, 34) . The stringency of the hybridization conditions was chosen so that it would not discriminate between strains with one mismatch, because this allows for the specific detection of the largest group of S. enterica but does (5, 18) . The separation of serovars into seven homology groups or subspecies is based on DNA-DNA hybridization studies (12, 19) . The same separation of serovars has been found when comparing 23S rRNA gene sequences (10); the variations were low within genes from serovars of the same subspecies, but they were three times higher when serovars from different subspecies were compared. On the basis of the assumption that the genetic sequence is highly conserved within each subspecies, the specificity of the probe was tested against 55 serovars representing all seven subspecies. This test showed a high degree of conservation in the probe target area, because the probe hybridized only to the subspecies expected from the alignment shown in Table 1 . However, one strain from subspecies II failed to hybridize because this strain contained two mismatches instead of one, as for the other subspecies II strains.
Several DNA probes used for the detection of Salmonella in food or feces have been published (1, 15, 23) . Most probes target chromosomal or plasmid genes, but oligonucleotide probes targeting the 16S and 23S rRNA have also been published (21, 30, 36) . Those probes have been applied in detection assays based on denaturated DNA or RNA bound to membranes, eliminating the possibility of the detection and spatial localization of single bacterial cells in tissue samples.
Hybridization to ribosomes in situ is highly dependent on target accessibility (4). Secondary and tertiary structures in the cells, as well as protein binding, might prevent hybridization to the ribosome (4), thus making specific probes meant for other applications useless for the detection of bacteria by the FISH technique. The target sequence of Sal3 is located at helix 63, and in this study we have shown it to be accessible for in situ hybridization of Salmonella.
Fixation is another crucial step for in situ hybridization (4, 22) . The fixative serves the dual purposes of opening up the bacterial wall for probe penetration and protecting the ribosomes from degradation by endogenous RNase activity. Aldehyde fixatives are most frequently used with gram-negative bacteria (14) , whereas alcohol fixation is recommended for gram-positive bacteria (6, 29) . In our hands, formalin fixation enabled hybridization of both gram-negative and gram-positive bacteria. The exception was S. aureus, for which hybridization with Eub338 was not achieved, probably due to the low level of permeability of the cell wall.
The use of short oligonucleotide probes reduces the time and temperature required for hybridization. By increasing the probe concentration the velocity of the hybridization is further increased; however, this also increases nonspecific staining (35) . When using an intermediate probe concentration of 1 to 5 ng/l, the ribosomes in E. coli were saturated after 2 h of incubation with Eub338 (35) . When hybridizing to pure cultures, 3 h of incubation was used, with excellent results. However, for reasons of convenience, the tissue samples were hybridized overnight.
To enhance the level of discrimination of the signal from single bacteria in tissue sections, we applied a narrow-band- pass filter combination which allows for simultaneous excitation in two separate bands. This filter allowed for the simultaneous spatial visualization of both salmonella bacteria and the indigenous microflora when hybridization was done with two probes. It also reduced autofluorescence from tissue considerably by turning the color of the tissue red and thereby allowing for the detection of single bacteria (Fig. 1B) . When a standard fluorescein isothiocyanate filter was used, only clusters of bacteria could be detected against a background of green autofluorescence. The theoretical sensitivity of detection by the FISH technique is one bacterium in a 3-m-thick tissue section; however, the number of bacteria in each tissue section from the clinical material varied significantly. By performing hybridization with tissue sections, we were able to detect salmonella bacteria in all the samples which were found to be positive by traditional culture methods. However, when dealing with very low numbers of bacteria, the culture method might still be the most sensitive method because it contains a preenrichment step.
Direct detection of bacteria is highly dependent on the amount and stability of the target, because the intensity of the signal is proportional to the rRNA content (14) . Used as a research tool, the FISH technique has previously been applied for studying the spatial distribution of E. coli or S. typhimurium in the intestines of monoinfected mice (20, 27) . This was done under optimal research conditions. We found that this technique is also applicable for the detection of Salmonella in clinical samples. The detection of Salmonella bacteria in tissue was possible even after the paraffin-embedding process and in the presence of indigenous microflora. Autolysis of the tissue, as a result of the material being shipped unfixed to the laboratory, did not hinder the detection of the bacteria in our study.
In this study we have developed and tested a fluorescencelabelled oligonucleotide probe for the specific detection of S. enterica in clinical samples by in situ hybridization. The stability of the ribosome target allowed for the detection of single cells even in clinical material, as well as identification in smears of pure cultures. The results obtained by use of a readily synthesized fluorescence-labelled oligonucleotide probe, combined with a simple hybridization protocol, therefore suggest that the FISH technique can be used for the detection of S. enterica serovars. Aeromonas 
